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PREDICTED AND MEASWD AERODYNAMIC CHARACTERISTICS 

FOR TWO TYPES OF ATMOSPHmE-ENTRY VEHICLES* 

By Leland H .  Jorgensen and Lawrence A .  Graham 
Ames Research Center 

SUMMARY 

Models representat ive of the Apollo and Polar is  vehicles have been t e s t e d  
a t  Mach number 17 i n  t h e  Ames ax-hea ted  aerodynamic wind tunnel ,  and force 
and moment da ta  from these t e s t s  and from previous t e s t s  i n  other f a c i l i t i e s  
a t  lower Mach numbers have been compared with each other  and with t h e o r e t i c a l  
r e s u l t s .  The angle-of-attack range covered for  the  Apollo-type vehicle w a s  
from 0' t o  180~. 
of a t t a c k  near 00.  
t a b l e  t h e o r e t i c a l  methods f o r  computing the aerodynamic forces  and moments, 
and, i n  some instances,  new formulas are derived. 

For t h e  Polaris-type vehicle the  study w a s  l imi ted  t o  angles 
A review i s  given i n  t h e  report  of some of the  more t r a c -  

For the  Apollo-type vehicle it i s  shown t h a t  the  trends of the  aerodynamic 
c h a r a c t e r i s t i c s  with angle of a t tack  can be predicted reasonably wel l  by modi- 
f i e d  Newtonian theory, although the magnitudes of the coef f ic ien ts  a t  angles 
of a t t a c k  near 0' and 1800 a r e  not s a t i s f a c t o r i l y  predicted.  The primary t r i m  
angle of a t t a c k  and l i f t - d r a g  r a t i o  a r e  predicted c lose ly  by the  theory and 
remain e s s e n t i a l l y  f ixed throughout the supersonic-hypersonic Mach number range. 
A t  Oo angle of a t t a c k  (conical portion forward) the predict ion of the  ax ia l -  
force coef f ic ien ts  can be noticeably improved by the  combined use of modified 
Newtonian theory f o r  the  blunt  vertex and sharp cone theory f o r  t h e  conical 
port ion.  
c lose ly  by the  method of NASA TN D-1423. There i s  negl igible  contribution of 
afterbody pressure on t o t a l  a x i a l  force a t  Mach numbers above about 5 .  There 
i s ,  however, an e f fec t  of vehicle or ientat ion on the  measured afterbody pres- 
sures ,  the  afterbody pressures being two t o  three times grea te r  f o r  t h e  vehicle  
a t  180° angle of a t t a c k  than a t  00. 

A t  180° angle of a t t a c k  axial-force coef f ic ien ts  can be computed 

For the  Polaris-type vehicle the present study demonstrates t h e  inadequacy 
of Newtonian theory i n  estimating l i f t  and s t a t i c  s t a b i l i t y .  Other simple 
t h e o r e t i c a l  methods a r e  presented which predict  the  l i f t  and s t a b i l i t y  reason- 
ab ly  w e l l .  
t h e  predict ion of the  f l a r e  contribution t o  the l i f t  and s t a b i l i t y .  
e f f o r t  i s  required on the  predict ion of t h e  cylindrical-body contr ibut ion.  
very high f l i g h t  speeds, t h e o r e t i c a l  calculat ions show t h a t  f l a r e  s t a b i l i t y  
should increase if there  i s  a change i n  t h e  flow s t a t e  near the  body from 
equilibrium t o  frozen. 

It i s  shown, however, t h a t  t h e  accuracy i s  enhanced pr imari ly  by 
Further 

For 

* T i t l e ,  Unclassified.  
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IJlJTRODUCT I O N  

For  the design and t r a j e c t o r y  s tudies  of blunt  e n t r y  vehicles  t h e  aero- 
dynamicist should know t h e  aerodynamic force and moment c h a r a c t e r i s t i c s  
throughout a wide range of Mach numbers. 
l i t t l e  o r  no experimental force and moment da ta  upon which t o  draw, and theo- 
r e t i c a l  estimates without experimental v e r i f i c a t i o n  have been employed. This 
has been p a r t i c u l a r l y  t r u e  f o r  hypersonic Mach numbers because of t h e  s c a r c i t y  
of appropriate t e s t  f a c i l i t i e s .  To help provide force and moment data as wel l  
as other aerodynamic information f o r  t y p i c a l  entry-type vehicles a t  hypersonic 
Mach numbers (and a t  desired angles of a t t a c k )  , the  Ames arc-heated aero- 
dynamic wind tunnel  w a s  recent ly  brought i n t o  operation. Following i n i t i a l  
cal ibrat ion of the  t e s t  stream, force and moment data were obtained a t  a Mach 
number of 17 f o r  blunt-nosed models resembling t h e  Apollo and P o l a r i s  vehicles. 
These configurations were selected pr imari ly  because the  t h e o r e t i c a l  proce- 
dures which a r e  v e r i f i e d  f o r  them can be readi ly  applied t o  a v a r i e t y  of 
vehicle shapes. For example, Apollo-type models t e s t e d  a t  angles of a t t a c k  
near 0' and 180° provide information f o r  a s l i g h t l y  blunt  large-angle cone 
with l i t t l e  afterbody as well as f o r  a very blunt  nose ( spher ica l  segment) 
with conical afterbody. Polaris-type models with and without f l a r e  provide 
information f o r  a blunt  nose with a short  c y l i n d r i c a l  a f te rsec t ion ,  f o r  a 
s t a b i l i z i n g  f l a r e  i n  a body flow f i e l d ,  and, of course, f o r  a complete nose- 
cylinder-flare configuration. Thus, t o  obtain information applicable t o  a 
v a r i e t y  of shapes, Apollo-type models were t e s t e d  a t  angles of a t t a c k  from O0 
t o  180° , and Polaris-type models, with and without afterbody f l a r e  , were 
t e s t e d  a t  angles of a t t a c k  from Oo t o  12O. 

Often i n  t h e  past  t h e r e  has been 

In t h i s  report, d a t a a r e  presented from these t e s t s  a t  Mach number 17 and 
from previous t e s t s  i n  other f a c i l i t i e s  a t  lower hypersonic and supersonic 
Mach numbers. No attempt has been made t o  include a l l  avai lable  data, but  
enough are  included t o  demonstrate the  primary e f f e c t s  of change i n  Mach num- 
ber on the forces  and pitching moments throughout the  supersonic-hypersonic 
range. 

I n  conjunction with the  recent arc-tunnel t e s t s  a t  Mach number 1-7 a study 
has been made of some of t h e  more t r a c t a b l e  a n a l y t i c a l  methods f o r  computing 
the  forces and moments. Existing formulas have been reviewed, and, where 
necessary, addi t ional  formulas have been derived. A s  an a i d  i n  assessing t h e  
methods, computed forces and pitching moments have been compared with experi- 
mental r e s u l t s  throughout t h e  Mach number range from about 2 t o  17. 

The object ives  of t h i s  report  then a r e  as follows: f i r s t ,  t o  present t h e  
recent ly  obtained experimental r e s u l t s ;  second, t o  review per t inent  d e t a i l s  
of t h e  ana ly t ica l  study; and t h i r d ,  t o  discuss  the  comparisons of t h e  computed 
with the  experimental r e s u l t s .  Because t h e  experimental tests a t  Mach number 
17 were the first t o  be conducted i n  t h e  Ames arc-heated aerodynamic wind 
tunnel,  the report  a l so  includes a b r i e f  descr ip t ion  of the  experimental 
apparatus, t h e  r e s u l t s  of t h e  i n i t i a l  stream c a l i b r a t i o n ,  t h e  t e s t  methods, 
and t h e  data reduction procedures which were employed. 

2 - 
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NOTATION 

nozzle cross-sect ional  a rea ,  f t 2  

a x i a l  force axial-force coef f ic ien t ,  

drag coe f f i c i en t ,  - 
%os 

D 

%os 

l i f t  coe f f i c i en t ,  L 
qMs 

pitching-moment coef f ic ien t  measured about t h e  reference center  
pitching moment f o r  Apollo-type 

%Sd 
shown i n  f igure  6(a)  o r  6 (b )  , 

pitching Zmoment f o r  Polaris-type vehicle vehicle and 
s, 

i n i t i a l  slope of the  curve of pitching-moment coef f ic ien t  versus 

angle of a t t ack ,  , per radian 

normal force 
%os 

normal-force coe f f i c i en t ,  

slope of t he  curve of normal-force coef f ic ien t  versus angle of 

, per radian 
attack 

P - P, pressure coe f f i c i en t ,  
% 

P t p  - pa3 

s, 
stagnation-point pressure coef f ic ien t ,  

drag, l b  

maximum face diameter of Apollo-type models and cy l ind r i ca l  diameter 
of Polaris-type models, i n .  

maximum diameter of f l a r ed  afterbody, i n .  

enthalpy, Btu/lb 

l i f t ,  l b  

model length ,  i n .  

d i s tance  from moment reference t o  t ransverse element measured along 
t h e  body a x i s  (see sketch ( a ) ) ,  i n .  

Mach number 
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Re 

Ref f 
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S 

S '  

T 

U 

W 

X 
C P  

xFl 

Xm 

Z 

a 

Y 

a 
6 

e 

V 

s t a t i c  pressure,  a t m  

dynamic pressure,  l b / f t 2  

universal  gas constant,  1343 ft-lb/mole OR 

Reynolds number based on d f o r  Apollo-type models and on 2 f o r  
Polaris-type models 

e f fec t ive  nose radius of calorimeter,  f t  

radius ,  i n .  

reference area: maximum cross-sectional area of Apollo-type models 
2 and cy l indr ica l  cross-sectional area of Polaris-type models, i n .  

Btu entropy, 
( I n i t i a l  mole of a i r ) O R  

dis tance from apex of the model t o  o r i f i c e ,  measured along body 
surface,  i n .  

0 temperature, 

speed, f t / s e c  

K or OR as specif ied 

weight flow, lb/sec 

center-of-pressure posi t ion from nose o r  shoulder as specif ied,  i n .  

dis tance from moment reference t o  cylinder-flare juncture,  i n .  

dis tance from nose-cylinder shoulder t o  moment reference,  i n .  

dis tances  i n  t h e  Cartesian coordinate X,Y,Z d i r e c t i o n ,  respec- 
t i v e l y ,  i n .  

r a t i o  of molecular weight of undissociated t o  dissociated gas 

angle of a t tack ,  degrees o r  radians as specif ied 

S 

isentropic  exponent, 

angle between t h e  body center  l i n e  and t h e  balance center  l i n e ,  deg 

angle between wind a x i s  and t h e  surface of a body element, deg 

angle between the  body center  l i n e  and the  element surface,  deg 

expansion angle, rad 



P density, slugs/ft3 

cp roll angle of surface element, referenced to Z axis, positive 
counterclockwise looking downstream, deg 

'p1 limiting value at which the surface element becomes parallel to 
the free-stream direction, deg 

( >*  sonic point 

Subs cr ip t s 

C 

CY1 

e 

F1 

N 

S 

sh 

t 

trim 

W 

W 

1 

2 

aft erbody 

body 

base 

cone or compression 

cylinder 

element or expansion 

flare 

nose 

spherical segment 

shoulder 

reservoir or total condition 

trim condition 

wall condition 

free-stream condition 

condition ahead of normal shock 

condition behind normal shock 



Conversion From Units i n  This Report t o  S I  Units 
(i .e., In te rna t iona l  System of Units) 

Physical quant i ty  

Alti tude 
Area 
Density 
Dynamic pressure 
Enthalpy 
Force 
Heating r a t e  
Length 

Pressure 
Speed 
Weight-flow r a t e  

To convert from 
repor t  units 

f t  

f t2  

slug s/f t3 
l b / f t 2  

Btu/lb 
l b  

Btu/ s e c- f t 2  

f t  
i n .  
a t m  

f t / s e c  
lb/sec 

Multiply by 

0.3048xlO-3 
9.290~~0-~ 
5.154X102 

2. 324X1O3 
4.448 
1 L 3 3  

2.340 
1 

47.88 

.3048 

.3048 

.4336 

To obtain 
S I  units 

km 
m2 

kg/m3 
N/m2 

J/kg 

w / c s  
N 

m 
cm 
a t m  

m/sec 

%/see 

EXPERLMENTAL APPARATUS, TEST METHODS, Al!JD DATA RBDUCTION 

Test Fac i l i t y  

The t e s t s  a t  a nominal Mach number of 17 were conducted i n  the  Ames arc- 
This tunnel i s  one of several  operating from heated aerodynamic wind tunnel .  

a common vacuum system. Component p a r t s  of t h e  tunnel which include the a r c  
heater ,  nozzle, t e s t  chamber, and d i f f u s e r  a r e  i d e n t i f i e d  i n  the photographs 
of figure 1. The a r c  hea ter  ( f i g s .  l ( a )  and ( b ) )  i s  of t h e  type described i n  
reference 1, having concentric copper-ring electrodes and being water cooled. 
Running times of over a minute a r e  maintained f o r  t y p i c a l  tunnel reservoi r  
conditions of 68 atmospheres pressure and 1000 Btu/lb enthalpy. 
th roa t  section connects the a r c  heater  u n i t  t o  a conical  nozzle of 8' ha l f  
angle and 24-inch e x i t  diameter. Various interchangeable t h r o a t  sect ions can 
be used, depending upon the  desired Mach number i n  the  t e s t  sect ion.  For the  
present invest igat ion a throa t  sect ion of 0.218-inch diameter w a s  employed t o  
obtain a nominal Mach number of 17. 
nozzle is discharged as a f r e e  j e t  f o r  24 inches i n  t h e  test  sect ion and then 
i s  entrained by the  d i f f u s e r  ( f i g .  l ( c ) )  . 
the  angle of p i t c h  i n  the horizontal  plane can be remotely control led i s  used 
t o  vary the support angle of a t t a c k  between t h e  l i m i t s  of +60° ( f i g .  l ( c ) ) .  
A remotely controlled stream-survey apparatus t h a t  w i l l  move a rake ( f i g .  2(a)) 
t o  desired t e s t  posi t ions i s  a l s o  ava i lab le  f o r  use i n  t h e  c a l i b r a t i o n  of the  
t e s t  section. 

A contoured 

Flow from the  a r c  hea ter  through the 

A model support system i n  which 

6 



In addi t ion  t o  t he  components shown i n  f igure 1 the  f a c i l i t y  has support- 
ing equipment consis t ing of a high pressure a i r  supply, a f ive-stage steam 
e j ec to r  vacuum system, and a r ec t i f i e r - type  de power supply. The a i r  supply 
system provides 3000 p s i  a i r  a t  the r a t e  of 0.7 lb / sec .  
capable of maintaining a pressure of about 100 microns of mercury i n  the  
plenum chamber f o r  a flow o f  0.3 pound of air per second. The power supply 
i s  r a t ed  a t  13 megawatts. 

The vacuum system i s  

Determination of Stream Proper t ies  

Propert ies  of t h e  t e s t  stream required for reduction and ana lys i s  of t h e  
model force and moment da ta  included Mach number, t o t a l  enthalpy, dynamic 
pressure,  and Reynolds number. I n  order t o  determine these proper t ies  from 
tunnel-flow measurements t he  f l o w  w a s  assumed t o  be i n  equilibrium, and t h e  
char t s  of reference 2 were used. The e f fec t  of departure from equilibrium 
flow on t h e  Mach number, dynamic pressure,  and Reynolds number i s  discussed i n  
a l a t e r  sec t ion  on Reduction and Precis ion o f  Data. 

To determine t h e  d i s t r i b u t i o n  of  Mach number i n  the t e s t  sec t ion ,  p i t o t  
w a s  measured i n  the t es t  sect ion and t o t a l  (s tagnat ion)  pres- 

Pt2 
pressure 

P t l  and t o t a l  enthalpy h t l  i n  t he  reservoi r .  P i t o t  pressures  from a 
remotely control led survey rake ( f i g  . 2) were measured with commercially 
ava i lab le  strain-gage t ransducers .  The t o t a l  pressure p t l  i n  t he  reservoi r  
w a s  measured with a Bourdon tube gage, and the  t o t a l  enthalpy 
mined by the  nsonic-flown method (see,  e .g., r e f .  2,  3 ,  or 4) i n  which 
i s  given as a function of the  measurable parameter For t h i s  param- 
e t e r  t he  weight-flow r a t e  Q w a s  measured with a ventur i  meter, and A* w a s  
taken as t h e  a rea  of t h e  nozzle t h r o a t .  
of measured and the  r e su l t i ng  values of Mach number determined from 
reference 2 are presented i n  f igure  3. 
the  tunnel  center  l i n e  the re  was a small increase i n  Mach number i n  the  a x i a l  
d i r ec t ion  from the  nozzle e x i t  t o  the  survey-limit s t a t i o n  12 inches down- 
stream. In t h e  r a d i a l  d i r ec t ion  ( f i g .  3 (d ) )  t h e  gradients  were a l s o  small 
near t h e  tunnel  center  l i n e  where the  noses of t h e  models were posit ioned for 
a l l  t e s t s .  A s  expected, t he  survey r e su l t s  showed t h e  flow t o  be a x i a l l y  
symmetric. 

h t ,  w a s  de te r -  

h t ,  
G/pt,A*. 

Typical a x i a l  and r a d i a l  d i s t r ibu t ions  
pt2/ptl 

It can be seen ( f i g .  3 ( c ) )  t h a t  near 

During t h e  survey t e s t s  it was found that  f a i r l y  la rge  va r i a t ions  i n  
t o t a l  enthalpy from t h e  desired value ( h t l =  1000 Btu/lb) had l i t t l e  or no 
e f f e c t  on %he 
however, is not iceable  ( r e f .  2 ) ,  and f o r  most of the t e s t i n g  t h e  va r i a t ion  i n  
t o t a l  enthalpy w a s  held t o  within about 5100 Btu/lb t o  keep the  Mach number 
deviat ion within f O . l  a t  a given stream posi t ion.  

pt2/ptl d i s t r ibu t ions  (see f i g .  4 ) .  The e f f e c t  on Mach number, 

Because accurate  values of t o t a l  enthalpy a re  necessary for determining 
t h e  stream proper t ies  f rom reference 2 ,  the t o t a l  enthalpy determined by the  
sonic-flow method w a s  checked by an a l t e rna te  method i n  which hea t  calorimeters 
are used i n  the  tes t  stream. For t h i s  method a s implif ied form of t he  Fay and 
Riddel l  heat ing-rate  solut ion ( r e f .  3 ) ,  as employed in references 3 and 6, w a s  - 7 



used. 
number of 1, the t o t a l  enthalpy i n  Btu/lb w a s  determined from the  simple 
r e l a t i o n  , 

For conditions corresponding t o  a Prandt l  number of 0.72 and a Lewis 

where i s  the  measured heating r a t e  from the calorimeter i n  Btu/sec-ft2; 
is t h e  e f fec t ive  calorimeter 

nose radius of curvature i n  fee t ;  and hw i s  the  ambient w a l l  enthalpy i n  
Btu/lb. For the  present invest igat ion calorimeters of the  type shown i n  f i g -  
ure 2 were positioned on the  survey rake a t  r a d i a l  i n t e r v a l s  of 2 inches, and 
t h e  r a d i a l  heating-rate d i s t r i b u t i o n  w a s  measured a t  a x i a l  s t a t i o n s  of 2 and 
1 2  inches downstream from t h e  nozzle e x i t .  
0.0788 foot  f o r  the calorimeters used) w a s  determined from reference 7, and 
hw 
surveys it w a s  found t h a t  t h e  r a d i a l  heating-rate d i s t r i b u t i o n s  were almost 
constant over a flow diameter of a t  l e a s t  12 inches (see f i g .  5 ) .  The r e s u l t -  
ing average value of h t l  (about 980 Btu/lb) w a s  only s l i g h t l y  l e s s  (within 
about 50 Btu/lb) than t h e  value determined by the  sonic-flow method. I n  addi- 
t i o n ,  the calorimeter surveys indicated t h a t  there  w a s  only a small l o s s  i n  
h t l  (about 30 Btu/lb) from the  s t a t i o n  a t  2 inches from the  nozzle e x i t  t o  the  
one a t  12 inches. 

i s  t h e  p i t o t  pressure i n  atmospheres; Reff P t 2  

The value of Ref f  (equal t o  

(equal t o  about 1-30 Btu/lb) w a s  determined from reference 8. From the  

Models, Balance, and Support 

The models t e s t e d  resembled the Apollo capsule and an e a r l y  version of 
the Polar i s  e n t r y  stage (see f i g s .  6(a) and ( b ) )  . For convenience of ident i -  
f ica t ion ,  they were re fer red  t o  as t h e  Apollo-type and Polaris-type models. 
Apollo-type models with face diameters of 2.25 and 5 inches were t e s t e d .  
Polaris-type models with a c y l i n d r i c a l  diameter of 2.5 inches were t e s t e d  with 
and without t h e  s t a b i l i z i n g  f l a r e .  

A l l  models were mounted on a six-component balance ( f i g .  6 ( e )  ) which w a s  
at tached t o  the var iable  angle-of-attack s t i n g  support. The angle of a t t a c k  
of  t h e  s t ing  support w a s  remotely control led and, as previously s t a t e d ,  could 
be varied within the  maximum l i m i t s  of +60° during a run. However, i n  order 
t o  reduce the e f f e c t s  of s t i n g  interference,  the  Apollo-type models were 
mounted on the balance a t  several  o f f s e t  a t t i t u d e s  (see f i g s .  6(d)  and ( e ) )  
so t h a t  s t ing  angles of a t t a c k  no g r e a t e r  than +30° were used over most of the  
model a range from 0' t o  180~. The Polaris-type models were mounted only 
f r o m t h e  base with the bodies a l ined  with t h e  s t ing  support (see lower h a l f  
of f i g .  6(b)). 

Tests 

Balance measurements of normal force ,  a x i a l  force,  and pi tching moment 
were made f o r  a l l  models a t  a free-stream Mach number of about 17 .2 .  
Mach number w a s  determined from the  stream surveys previously discussed and 

This 
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exis ted  a t  the  forward loca t ion  of the  models (on the  tunnel  center  l i n e  about 
11 inches from the  nozzle e x i t ) .  
mechanism so t h a t  t he  forward port ion of each model remained a t  about the  
same tunnel  loca t ion  f o r  a l l  runs and f o r  each angle of a t t ack .  
type models were t e s t e d  a t  angles of a t t ack  from Oo t o  180°, and the  Polar is-  
type models were t e s t e d  a t  angles of a t t ack  from O0 t o  about 12O. 
runs t h e  free-stream t o t a l  pressure p t l  was about 68 atmospheres, and the  
t o t a l  enthalpy h t l  w a s  about 1000 Btu/lb.  For these conditions the  f ree-  
stream Reynolds number, determined from reference 2, w a s  about 6.3X1O3 per 
inch. 
type models and on length f o r  the Polaris-type model were a s  follows: 

All models were posit ioned on the support 

The Apollo- 

For a l l  

The r e su l t i ng  Reynolds numbers based on face diameter f o r  the Apollo- 

Model type Size,  i n .  Rex10-6 

Apollo d = 2.25 0.014 

P o l a r  i s  2 = 7.78 .049 
Apollo d = 5.00 .032 

Afterbody pressure w a s  measured i n  the  region of t he  sting-body juncture 
over t h e  complete angle-of-attack range. The l oca t ion  of t he  pressure o r i f i c e  
i n  r e l a t i o n  t o  t h e  model and support is  shown i n  f igure  6 ( f )  f o r  t h e  5-inch- 
diameter Apollo-type model a t  Pressure w a s  measured with a commer- 
c i a l l y  ava i lab le  pressure transducer.  Limited pressure t e s t s  were a l so  made 
with t h e  2.23-inch-diameter model or iented a t  a = 180° and mounted upstream 
i n  the  conical  nozzle a t  a Mach number of 14.2 and a t  a Reynolds number of 
about 0. 023x106. 

a = 180~. 

Reduction and Precision of Data 

All of t h e  force and moment da ta  have been reduced t o  coef f ic ien t  form 
and a r e  r e fe r r ed  t o  both the  body and wind axes systems (see f i g .  7 ) .  
Pitching-moment coef f ic ien ts  were taken about t he  model reference centers  
shown i n  f igu res  6(a)and (b ) .  
based on t h e  maximum ( face)  cross-sectional area, and the  corresponding diam- 
e t e r  i s  taken as the  reference length f o r  the moment coe f f i c i en t s .  Coeffi- 
c i e n t s  f o r  t h e  Polaris-type models are based on t h e  cross-sect ional  a rea  of 
t h e  cy l ind r i ca l  sec t ion ,  and t h e  model length ( 2  = 7.78 in . )  i s  taken as the  
reference length  f o r  t he  moment coef f ic ien ts .  

All coef f ic ien ts  f o r  t h e  Apollo-type models a r e  

In t h e  reduction of t he  da ta  t o  coef f ic ien t  form, it i s  p a r t i c u l a r l y  
important t h a t  t h e  cor rec t  value of free-stream dynamic pressure 
Since equi l ibr ium nozzle flow w a s  assumed in  t h i s  invest igat ion,  t h e  question 
a r i s e s  as t o  whether g, would be changed s i g n i f i c a n t l y  f o r  a tunnel flow 
that has departed appreciably from equilibrium. 
ind ica tes  t h a t ,  f o r  conditions similar t o  those of t h i s  invest igat ion,  t h e  
flow w i l l  "freeze" r ap id ly  downstream of the nozzle t h r o a t  a t  about an area 
r a t i o  of For t he  assumption of equilibrium flow t o  
M, = 2 and then flow with frozen chemical reac t ions  and frozen molecular 
v ib ra t ions  downstream, the  authors of t h e  present repor t  calculated a t e s t  
Mach number of about 18.0 as compared t o  the equilibrium value of 17.2, but  

g, be used. 

Yalamanchili i n  reference 9 

A/A* = 2 (or M, = 2 ) .  - 9 
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there  w a s  negl igible  change i n  the  computed dynamic pressure 
t h e  ins igni f icant  e f f e c t  on g, 
number as a result of nonequilibrium flow may be of minor importance. 
w a s  a l so  negl ig ib le  change i n  the  computed Reynolds number as a result  of t he  
frozen flow assumption. 

h. In view of 
it i s  f e l t  t h a t  any uncertainty i n  Mach 

There 

The precis ion of t h e  f i n a l  da t a  i s  affected by uncer ta in t ies  i n  t h e  
measurement of the  forces  and moments, and i n  t h e  determination of the  dynamic 
pressure used i n  reducing the  forces  and moments t o  coef f ic ien t  f o r m .  These 
individual uncer ta in t ies  resul t  i n  estimated over-al l  uncer ta in t ies  as 
follows : 

a 0.1' 
CN f 0.03 CL k 0.02 
CA 4, 0.03 CD C 0.04 
Cm 4 0.005 (Apollo-type model) 
Cm 4 0.003 (Polaris-type model) 

Any e f f ec t s  of possible  sting-support in te r fe rence  and base pressure on the  
models have been neglected i n  reducing t h e  da t a  and estimating the  prec is ion .  

Several repeat  runs were made f o r  each set  of t e s t  conditions, and the  
da t a  presented herein represent  t he  ar i thmetic  average of measured coef f i -  
c i en t s  from the  various runs. 
w a s  well within the  estimated precis ion.  

Generally the  r epea tab i l i t y  of the  measurements 

ANALYTICAL METHODS FOR CALCULATING AEXODYNAMIC CHARACTERISTICS 

I n  t h i s  sect ion of t h e  repor t  some t r ac t ab le  methods are reviewed f o r  
computing the  aerodynamic forces  and pi tching moments of en t ry  vehicles  of 
t h e  Apollo and Po la r i s  types .  New formulas a re  derived i n  several  instances.  
For c l a r i t y  and convenience the  Apollo- and Polaris-type vehicles  are consid- 
ered separately.  

Apollo-Type Vehicle 

Modified Newtonian theory.-  For a b lunt  capsule of t he  Apollo type,  t he  
aerodynamic forces  and moments are most e a s i l y  computed i f  t h e  Newtonian, o r  
more accurate modified Newtonian, method i s  assumed. 
ga t ion  the modified Newtonian method w a s  adopted, with the  l o c a l  pressure 
coef f ic ien t  given by 

In the  present inves t i -  

where 6 i s  the angle between a l o c a l  surface element and the  wind ax i s ,  and 
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General expressions for the  force and moment coef f ic ien ts  (referenced t o  
the  body a x i s )  can be wr i t ten  as (e .g . ,  r e f .  10) 

and 

where t h e  diameter d is  taken as the reference length i n  Cm. The angle cp 
i s  the  r o l l  angle of the surface element as i l l u s t r a t e d  i n  sketch ( a ) ,  and 
i s  t h e  l i m i t i c g  value of cp a t  which the surface element becomes p a r a l l e l  t o  
t h e  free-stream di rec t ion .  

cpl 

2 

X i 

Sketch (a )  

For no angle of s i d e s l i p  (as w a s  the  case for t h i s  invest igat ion)  

tan 8 
= cos-1 - 

tan a 

and sin2 6 i n  equation (1) i s  given by 

2 sin2 6 = ( s i n  e cos a - cos 8 cos cp s i n  a )  



For t he  present inves t iga t ion ,  values of  
f o r  a from 0' t o  180'. Then these  results were used f o r  computing values of 
CL and CD re fer red  t o  t h e  wind a x i s  (see f i g .  7 ) .  

CN, CA, and C, were computed 

Significance of stagnation-point pressure coe f f i c i en t  Cpstag.- It is  

obvious from equations (2), ( 3 ) ,  and (4 )  t h a t  t h e  force and moment coef f ic ien ts  
vary d i r e c t l y  with vehicle  geometry and with which, i n  tu rn ,  i s  de te r -  
mined from free-stream condi t ions.  
pa r t i cu la r  free-stream condition can be quickly modified t o  apply t o  another 
condition by merely multiplying the  coe f f i c i en t s  by the  r a t i o  of  t he  new 
%s tag  t o  t he  old CpStag. 

CpStag 
Computed aerodynamic coe f f i c i en t s  f o r  a 

A usefu l  approximation f o r  Cpstag i n  t e r m s  of normal-shock dens i ty  r a t i o  
i s  

This re la t ion ,  which i s  very accurate a t  high Mach numbers, w a s  derived by 
combining the  one-dimensional mass and cont inui ty  equations with the  Bernoul l i  
equation f o r  incompressible flow. 
of t he  a v a i l a b i l i t y  of cha r t s  o f  p,/p, as a function of free-stream ve loc i ty  
and a l t i t u d e  (e .g . ,  r e f s .  11, 12, and 13) or as a funct ion of Mach number 
and t o t a l  enthalpy h t  

Equation (7) i s  convenient t o  use because 

i n  a wind tunnel  (e  .g., r e f .  2 )  . 
More ref ined methods f o r  computing CA f o r  angles of a t t a c k  of 00 and 

180O.- For shapes of t he  Apollo type a t  angles of a t t ack  of 0' and 180°, 
methods more accurate than the  modified Newtonian method a r e  ava i lab le  for use 
i n  calculat ing the  axial-force coe f f i c i en t s .  A t  a = Oo (sketch ( b ) )  exact 
inviscid sharp cone theory can be appl ied f o r  t h e  conical  port ion of t h e  fore-  
body along with modified Newtonian theory f o r  t h e  spher ica l  t i p .  
force coef f ic ien t ,  exclusive of  base pressure drag, i s  expressed by ( e .g . ,  
ref .  14) 

The ax ia l -  

where the  contr ibut ion of t he  b lunt  spher ica l  
segment i s  given by 

"e9 - a = 0" r L g  
(1 - sin' e )  ( 9 )  c ~ s  - z %stag 

- 1  

I n  equation (8) C A ~  i s  the  axial-force coef f i -  
XN c i e n t  f o r  a cone of half-angle 8 .  Cone theory 

values of C A ~  as a funct ion of  0 and M, can 
be obtained from char t  6 i n  reference 15. Sketch ( b )  
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A t  a = 180° (blunt  face forward) t h e  flow-continuity method of r e fe r -  
ence 16 can be used t o  compute the  blunt-face pressures and hence the ax ia l -  
force  coe f f i c i en t .  
than Newtonian theory f o r  t h i s  shape because it accounts f o r  t he  e f f e c t  of t he  
front-face sonic r ing  on the  pressure d i s t r ibu t ion .  
course,  f a i l s  t o  account f o r  the  e f f e c t  of t h i s  r i ng  and overestimates the  
pressures  near t he  outer  edges of blunt  bodies. Thus t h e  axial force  i s  over- 
estimated, and f o r  more prec ise  ca lcu la t ions  another method such as t h a t  of 
reference 16 i s  required.  

This method i s  expected t o  be inherent ly  more accurate 

Newtonian theory,  of  

Computation of C N ~  and Cm, f o r  angles o f  a t t a c k  of 0' and 180O.- For 
~ ~~~~~ ~ 

shapes of the  Apollo-type a t  angles of a t t ack  of 0' and 180° C N ~  and C% can 
be computed by the  modified Newtonian theory previously discussed. A t  a = 0' 
(conical  por t ion  forward), however, t h e  a l t e rna te  method suggested f o r  comput- 
ing CA a l s o  can be appl ied.  In t h i s  method exact inv isc id  cone theory i s  
used f o r  t he  conical  port ion of the  body along with modified Newtonian theory 
f o r  t h e  spher ica l  t i p .  From reference 1 4  and f o r  t he  notat ion i n  sketch ( b ) ,  
we wri te  

c N a ,  c 

(11) 

where the  contr ibut ion of t h e  b lunt  spherical  segment a t  a = 0' is given by 

In equations (10) and (ll) CNa+ i s  for a cone of half-angle 8 a t  f ree-  
stream Mach nmber  &. Values of CN 
from char t  8 i n  reference 13. 
values  of CN obtained from t h e  modified Newtonian expression, a ,c  

by inv isc id  cone theory can be read a ,c  
Obviously, these equations a l so  can be used with 

cos2 e - - 
C N a ,  c 'Pstag 

Gary T.  Chapman of Ames Research Center has observed t h a t  from modified 
Newtonian theory,  



Equation (14) i s  applicable f o r  Cna and CA a t  a = 180° as well  as a t  a = 0 0 . 
All of t h e  r e l a t i o n s  given can be used f o r  Newtonian theory by l e t t i n g  

and (CA),,o from Newtonian 
(cN,I,=o 

Cpstag equal 2. 

theory agree c loser  with exact inv isc id  cone theory than do values from modi- 
f i e d  Newtonian theory. 

For sharp cones, values of 

Polaris-Type Vehicle 

General t h e o r e t i c a l  approach.- For a Polaris-type vehicle ,  such as t h a t  
i n  sketch ( c ) ,  the  aerodynamic c h a r a c t e r i s t i c s  a r e  taken as the sum of the  
charac te r i s t ics  f o r  the  composite p a r t s  - nose, f l a r e ,  and connecting cyl inder .  

A s  f o r  the  Apollo-type capsule, modi- 
f i e d  Newtonian theory can be used t o  
estimate the  c h a r a c t e r i s t i c s  f o r  the  
blunt  nose (see previous discussion)  . 
For the  f l a r e d  a f t e r s e c t i o n  cone theory 
or Newtonian theory may be applied,  
bu t ,  as f i rs t  pointed out by Se i f f  
( r e f .  l7), the  coef f ic ien ts  must be 
corrected f o r  the l o s s  i n  dynamic pres- 
sure from the  free-stream t o  t h e  f l a r e  
condition. ??le effect iveness  of the  
f l a r e  i n  s t a b i l i z i n g  a vehicle  of t h i s  
type i s  of prime importance, espec ia l ly  
near t h e  normal f l i g h t  a t t i t u d e  of zero 
angle of a t t a c k .  
paragraphs a method for calculat ing the 
f l a r e  effect iveness  and f l a r e  drag near 
zero angle of a t t a c k  i s  reviewed. Then 
a t  t h e  end of t h i s  sect ion of  the  
repor t  an approximate method f o r  e s t i -  
mating the  l i f t  and s t a b i l i t y  contr i -  
but ion of the c y l i n d r i c a l  por t  ion of 
the  body i s  reviewed. Inviscid flow 
is  assumed throughout the  study. 

ck 

Flare shock 

In t h e  following 

Sketch ( e )  

I k x ~ i - - c (  I 

Moment reference 

Sketch ( d )  

Flare forces  and pi tching moments.- 
For a conical  f l a r e  a f t e r s e c t i o n  
(sketch ( d ) )  it w a s  shown i n  re fer -  
ence 14 t h a t  



and 

I 
and CD, a r e  t h e  coe f f i c i en t s  f o r  t h e  cone of diameter d’ and ‘Na,c where 

half-angle 6 ~ 1 .  Values of  CN and CD, from cone theory o r  from modified 
a , c  

Newtonian theory can be used. It should be noted t h a t  t h e  reference length 
f o r  t he  moment coef f ic ien t  i n  equation (17) i s  t h e  over-al l  vehicle length,  2 .  
I n  reference 18 a second-order shock expansion method w a s  used t o  obtain the  
f l a r e  pressure d i s t r i b u t i o n  and drag. 

Various approaches can be employed i n  estimating the  dynamic pressure 
i n  f ron t  of the  body f l a r e  f o r  t h e  assumption o f  a t tached f low.  qF1 In one 

iiietho6, fer exempl.e, t he  cont inui ty  equation i s  used i n  conjunction with t h e  
oblique shock r e l a t ions  (through the  bow shock) and an a s s - m ~ d  Slmt-wzve-t7rne .I L‘ - 
pressure d i s t r i b u t i o n  i n  t h e  f l o w  f i e l d  between the  body surface and the  bow 
shock ( r e f s .  1-7 and 19). A weighted average value of dynamic pressure i n  f ron t  
of t h e  f l a r e  shock i s  used f o r  
t h a t  t h e  bow shock shape and pos i t ion  must be known. A simpler and more d i r e c t  
approach i s  t o  consider only the  pressure on t h e  body sur face .  Idea l  gas 
r e l a t ions  a r e  used i n  conjunction with a blast-wave-type pressure r e l a t i o n  on 
the  body a t  t h e  body-flare junction. 
cussed l a t e r  i n  the  r e p o r t . )  
r o o t  i s  assumed constant over t h e  f l a r e .  Since f o r  a blunt  body the  dynamic 
pressure i n  f ron t  of  t h e  f l a r e  shock probably increases s l i g h t l y  from the  
f lare-cyl inder  junction t o  t h e  r a d i a l  posit ion i n  f ron t  of t h e  f l a r e  base,  
t h i s  simple approach can be expected t o  give an average value of 
lower than t h a t  which e x i s t s .  
pressure by t h i s  simple approach i s  presented next .  

qF1. The main d i f f i c u l t y  with t h i s  method is  

( J u s t i f i c a t i o n  f o r  t h i s  approach is  dis- 
In  t h i s  method t h e  dynamic pressure a t  t h e  f l a r e  

qF1 t h a t  is  
The der ivat ion of an equation f o r  t he  dynamic 

Derivation of f l a r e  dynamic pressure.-  An expression f o r  t he  r a t i o  of t he  
l o c a l  t o  t he  free-stream dynamic pressure,  qFl/%y as a function of Mach nun- 
b e r ,  &, and pressure r a t i o ,  pF1/p,, i s  desired (see sketch ( e ) ) .  
wr i te  t he  t h e r m 1  s t a t e  a.nd conservation of energy equations as 

We f i rs t  

P = pRT [thermal s t a t e ]  (18) 

and 

~ 1 uF12 + hF1 = ~ 1 %2 + [energy conservation] 



-, 

For an i d e a l  gas (constant s p e c i f i c  h e a t s ) ,  

and 

hF1 = ‘pTFl 

h, = CPTm 

By subst i tut ing equations (18) and (20) i n t o  (l9), obtain 

By def in i t ion ,  

and 

Hence, equations ( 2 2 )  can be rewri t ten t o  give 

In order t o  apply equation (23) there  is  derived an expression for 
PF1/Pw i n  terms of and pF1/pW* For i sen t ropic  flow, 

and 

For constant t o t a l  temperature (T t2  = T t l ) ,  
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Equations (24) and ( 2 3 )  a re  combined t o  give 

For a per fec t  gas the  t o t a l  pressure r a t i o  across  a normal shock is  given by 

I I I 

Then t h e  expression f o r  
i s  

pF1/p,, obtained by combining equations (26) and (27), 

%ne des i red  dynamic pressure r e l a t i o n ,  obtained by subs t i t u t ing  equation (28) 
in to  equation ( 2 3 ) ,  is  

J L. 

For use with equation (29) a convenient r e l a t i o n  f o r  
determined from consideration of  blast-wave theory.  
ogy, Kuehn ( ref .  20) accura te ly  cor re la ted  t h e o r e t i c a l  and experimental pres- 
sures  on blunt-nosed cyl inders  and from t h i s  cor re la t ion  obtained the  
expression, 

pFl/p, can be 
From the  blast-wave anal-  

where x i s  measured from the  nose, and values 
are l i s t e d  as follows: 

of f ( y )  as a function of 7 



1.2 0.052 
1 .3  .061 
1.4 .067 
1.67 .084 

With 
be used with equation (29) t o  compute 

x taken a t  the  cylinder-flare juncture,  p = pF1y and equation ( 3 0 )  can 
qFl/il, f o r  a t tached flow. 

I n  addi t ion t o  the  method jus t  given, qFl/s, can be r ead i ly  computed for 
t h e  assumption of equilibrium flow around the body t o  the  f lare .  For t h i s  
approach equilibrium-flow char t s  (e.g. ,  re fs .  2, 11, 21, and 22) instead of 
ideal gas r e l a t ions  are used with equatioii ( ~ ( 3 ) .  
s t r a t e d  with sample ca lcu la t ions  given i n  t h e  appendix for a wind-tunnel case 
and for  a f l i g h t  case i n  the  e a r t h ' s  atmosphere. 

The procedure i s  demon- 

Estimation of  body-alone contr ibut ion t o  C N ~  and C%.- Along with t h e  

nose and f l a r e  contr ibut ion t o  the  l i f t  and s t a b i l i t y  of t h e  vehic le ,  t he re  
can be a s ign i f icant  contr ibut ion from the  cy l ind r i ca l  port ion of  the  body 
(see ,  e.g. , r e & .  14 and 23). C J ~ ~ , ~ ~ ~  a t  a = Oo i s  zero by both 
slcnder-body theory and Newtonian theory, experiment has indicated t h a t  t h e  
nornnl force developed by the cylinder even iiesr zero incidence cannot be 
ignored. Seifi '  ( r e f .  23) has made t h e  suggestion i h a t  t h e  contr ibut ion of  the  
cylinder can be estimated by l e t t i n g  t h e  pressure per turbat ion due t o  ai@e of 
a t t ack  be given boy a l inea r i zed  Prandtl-Meyer equation applied t o  the  Aero 
angle-of-attack pressure disLribut ion.  
problem, t h e  der iva t ion  of approximate expressions f o r  estimzting C N ~ , ~ ~ ~  
and C,, 1 is  presented next .  

Although 

I n  l i n e  with t h i s  approach t o  the  

Y 'Y 
Expansion (e) 

\ f 
Compression (c)  

Sketch ( e )  

The pressure near t he  shoulder on the  compression side of t he  cyl inder  
(sketch ( e ) )  i s  assumed t o  be given by a l i nea r i zed  oblique-shock r e l a t i o n  
f o r  weak shocks, whereas, the  pressure on t h e  expansion s ide  i s  given by a 
l inear ized  Prandtl-Meyer expression. From equations (151) and (174) of  refer-  
ence 19, w e  write 

l f ioin a logarithmic p l o t  of  these values it can be shown t h a t  



and 

where 
a. = 0, and pc and pe 
assumed angle increment of & = Av i n  radians.  Equations (31) and (32) can 
be combined t o  obtain 

Psh and Msh a r e  l o c a l  pressure and Mach number a t  the  shoulder f o r  
denote compression and expansion pressures a t  t h e  

This expression represents  t he  l i f t ing-pressure  coe f f i c i en t  a t  t h e  shoulder 
pos i t ion  i n  terms of t he  shoulder pressure The pressure a t  
t h e  shoulder can be obtained from a Prandtl-Meyer expansion from the  sonic 
r ing  on t h e  nose face .  
t he  modified Newtonian expression, 

Psh a t  a = o O .  

The sonic r ing  locat ion,  e*, i s  r ead i ly  obtained from 

p"-% 
P t 2  P t 2  s in2 O* = 

pa 
P t 2  

1 - -  

with Y 
f o r  M* = 1 

P t 2  

It i s  assumed t h a t  
so t h a t  y = yt2. 

shoulder t h e  pressure r a t i o  (p/p,) i s  not tha t  computed from Prandtl-Meyer 
theory (psh/pm) but i s  given c loser  by the  blast-wave expression, equation (30). 
The determination of t he  pressure d i s t r ibu t ion  j u s t  rearward of  the  shoulder 
requi res  fu r the r  t h e o r e t i c a l  and experimen- 
t a l  study. It i s  assumed a s  a f i rs t  e s t i -  
mate, however, t h a t  t h e  var ia t ion i n  
pressure from t h e  Prandtl-Meyer value a t  
t h e  shoulder psh t o  t h e  blast-wave value 
a t  t h e  base pb i s  l i n e a r  with x.  Thus, 
f o r  t h e  dimensions i n  sketch ( f ) ,  

y i s  constant from the  s tagnat ion point  t o  t h e  sonic ring, 

Now it i s  known ( r e f .  20) t h a t  a t  about 2 or 3 diameters rearward of  t he  

Moment reference 

(34) 
p, 

Sketch ( f )  

= - [(E)sh - (&)J 



For longer bodies than t h a t  considered, a b e t t e r  estimate might be obtained by 
using a blast-wave pressure d i s t r i b u t i o n  rearward of about 3 diameters from the  
nose. It is  fur ther  assumed (following Se i f f ,  r e f .  2 3 )  t h a t  an expression of 
the  same f o r m  as equation (33) can be used t o  estimate (p - pe)/% rearward 
of the  shoulder; t h a t  i s ,  C 

with l o c a l  M N" Msh f o r  short  bodies.  

For a cosine var ia t ion  i n  pressure from the compression t o  the  expansion 
s ide  of the cylinder,  t h e  resu l t ing  changes i n  CN and Cm a r e  

and 

With equations (34) and. ( 3 > )  
a r e  obtained 

nubsti tuted i n t o  equations (~6) and 

and 

r 7 r  1 1  

Although the estimative procedue  followed herein i s  s i m i l a r  t o  t h a t  used 
expressions a r e  considerably 

dii 'rerent because of the  use o€ di fyerent  axial  -pressure r e l a t i o n s .  Sei€€ 
assumes a blast-wave d i s t r i b u t i o n  from the body base t o  the  nose shoulder t h a t  

by Seii'f ( r e f .  2J), the CN 7 C Y 1  and C%,cyl 
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predic t s  shoulder pressures of  the  order of  about f i v e  t o  ten  times higher 
than those obtained by Prandtl-Meyer theory.  Hence, h i s  expression f o r  

gives  much higher values of normal force.  I n  t h e  notat ion of t he  

present repor t ,  the  blast-wave equation used by Se i f f  f o r  
derived expressions for 
follows : 

CNa,cyl 

p/p, and the  
C N ~ , ~ ~ ~  and xcp (measured from the  shoulder) a r e  as 

Because of t he  assumptions involved i n  ihe d e r i v a t i m  nf eq1J-a.t.ions (38) , (39) , 
(41) ,  and (42) ,  they should be applied with extreme caution pending fu r the r  
study of pressure d i s t r i b u t i o n s  j u s t  downstream of  t he  nose shoulder. 

RESULTS AND DISCUSSION 

Resul ts  from t h e  force and moment t e s t s  a t  M, = 17.2 a re  presented i n  
f igu res  8 and 9 fo r  t h e  Apollo-type and Polaris-type models, respect ively.  
For the  Apollo configuration there  i s  very l i t t l e  d i f fe rence  between the da ta  
f o r  t h e  2.25-inch and 5-inch models (Re = 0.O14x1O6 and 0.038~10~), and i n  t h e  
remainder of t h e  repor t  only da ta  f r o m t h e  >-inch models a r e  used. 
Po la r i s  configuration (with and without f l a r e )  t he  CN and Cm da ta  versus a 
were used t o  determine values of 
l a t t e r  discussion.  

For t h e  

Cxa and C k  (at  a = 0’) which a re  used i n  a 

I n  t h i s  sec t ion  of the  repor t  aerodynamic cha rac t e r i s t i c s  computed by the  
a n a l y t i c a l  methods out l ined i n  t h e  previous sec t ion  a r e  compared with the  
experimental r e s u l t s  f o r  M, = 17.2 and with o ther  ava i lab le  da ta  f o r  lower 
Mach nunibers. All ava i lab le  experimental da,ta a r e  not included, but  enough 
da ta  are used t o  demonstrate the primary changes i n  t h e  forces  and pi tching 
moments throughout t he  Mach number range from about 2 t o  1.7. 
and c l a r i t y  t h e  Apollo and Polar i s  r e s u l t s  are discussed separately.  

For convenience 

Apollo-Type Vehicle 

Modified Newtonian theory compared with experiment f o r  angles of a t t ack  
from 0” t o  180°.- The degree of usefulness of modified Newtonian theory f o r  



estimating the  force and moment charac te r i s t ics  of Apollo-type vehicles  a t  
hypersonic Mach numbers i s  demonstrated i n  f igure  8. 
f i c i e n t s  computed by modified Newtonian theory a r e  compared with experimental 
da ta  obtained a t  M, = 17.2 with models (of diameter d = 2.5 and 5 i n . )  i n  
the  Ames arc-heated aerodynamic wind tunnel.  
e r a l  t rends i n  t h e  var ia t ions  of the c o e f f i c i e n t s  with angle of a t t a c k  a r e  
predicted reasonably well by the  theory, although the absolute magnitudes a t  
some a ' s  a r e  not s a t i s f a c t o r i l y  predicted.  

Here aerodynamic coef- 

It i s  r e a d i l y  seen t h a t  the gen- 

Certain general  d i s p a r i t i e s  observed between modified Newtonian theory 
and experiment a t  M, = 17.2 a l s o  can be observed a t  lower Mach numbers. They 
can be seen from a study of f igure  10 where theory i s  compared not only with 
data  f o r  
i n  the h i e s  1- by 3-Foot Supersonic Wind Tunnel. 
there  a r e  no s igni f icant  changes i n  the computed aerodynamic c h a r a c t e r i s t i c s  
because Cpstag 
3 h  = 3.3 i n  a cold tunnel) t o  1.85 ( the value f o r  
h t l  = 1000 Btu/lb with equilibrium flow i n  a hot tunnel and i n  the gas cap 
ahead of a model). However, there  are some changes i n  the experimental da ta .  
It i s  very evident t h a t  the  CN r e s u l t s  ( f i g .  lO(a ) )  a t  a l l  Mach numbers a r e  
underestimated by theory a t  a greater  than about 80'. It may be somewhat 
f o r t u i t o u s ,  then, t h a t  the 
t h i s  a range. A t  any r a t e ,  it i s  encouraging t o  note t h a t  t h e  primary t r i m  
angle of a t t a c k  a t  
the  Mach number range ( f i g .  lO(c)  ) . The secondary t r i m  point  predicted by 
theory a t  an angle of a t t a c k  of about 50' does not agree as well with t h e  da ta .  
In  f a c t ,  a t  b = 17.2 there  i s  not a secondary t r i m  point indicated from these 
experimental results. The d i s p a r i t i e s  between the calculated and experimental 
c o e f f i c i e n t s  of 
through 10(g) .  

M, = 17.2 but  a l s o  with data f o r  & = 3.3 and 5.4 ( r e f .  24) obtained 
Over t h i s  Mach number range 

changes only from about 1.78 ( the  perfect-gas value f o r  
= 17.2 and 

Cm data  ( f i g .  l O ( c ) )  a r e  predicted c lose ly  over 

a = 147' i s  given both by theory and experiment throughout 

CL, CD, L/D, and xcp/d can be observed i n  f igures  lO(d) 

Because l i f t - d r a g  r a t i o  a t  the  primary t r i m  condition (a = 147') i s  of 
p a r t i c u l a r  importance for  en t ry  t r a j e c t o r y  and corr idor  analyses,  the varia- 
t i o n  of t r i m  L/D as a function of M, i s  presented i n  f igure  11. In  t h i s  
f i g u r e ,  r e s u l t s  from f igure  10 are supplemented with data  from reference 25 
( f o r  M, = 14.2) from a preliminary t e s t  
i n  the Ames p i l o t  a r c  tunnel ( r e f .  26). 
r e s u l t s  a r e  near t h e  predicted constant value of 0.51 a t  a l l  Mach numbers, 
although there  i s  a s l i g h t  deerease in  experimental t r i m  L/D 
Mach numbers i n  accord with the decrease i n  CL with increase i n  rJI, 
( f i g .  l O ( d ) ) .  

& = 1.5 t o  10) and with da ta  ( f o r  
It i s  seen t h a t  the experimental 

a t  the  highest  

Comparisons of t h e o r e t i c a l  and experimental values of CA versus Mach 
number a t  angles of a t tack  of 0" and18O0.- In  f igure  12  t h e o r e t i c a l  and 
experixental  var ia t ions  oP CA with iviach nWCber a r e  compared f o r  the  Apollo- 
type configuration a t  angles of a t tack of 00 and LBOo. 
port ion of vehicle  forward) the experimental var ia t ion  of 
given c lose ly  by cone theory with equations (8) and (9), whereas the modified 
Newtonian rnethod underestimates experiment a t  a11 Mach numbers ( f i g .  1 2 ( a ) ) .  
For t h i s  comparison, data  from reference 25 a r e  used with t h e  data  from the 
present  invest igat ion t o  cover a Mach number range from about 1.3 t o  17.2. 
A t  CA with M, 

A t  a = Oo (conical  
CA with M, i s  

a = 180' (blunt  face forward) the experimental var ia t ion  of 
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i s  predicted inuch c loser  by the  flow continuity method of reference 16 than by 
modified Newtonian theory ( f i g .  U ( b )  ) .' 
overpredict  the pressures near the  outer edges of b lunt  bodies,  obviously 
Gverestimates the  axial-force coef f ic ien ts .  It i s  noted i n  f igure  12  t h a t  the  
da ta  from reference 23 a re  f o r  both t o t a l  and forebody a x i a l  fdrce .  ilcweder, 
as shown, there  i s  negl ig ib le  contr ibut ion of afterbody pressure on t o t a l  
a x i a l  force a t  Nach numbers above about 3 ,  and i f  fu r the r  refinement t o  the  
ca lcu la t ive  process were m d e  t o  account f o r  afterbody pressure,  it would be 
o f  importance only a t  the  lower Mach numbers. 

Newtonian theory,  which i s  known t o  

Experimental afterbody pressures.-  Although the  afterbody pressures have 
l i t t l e  e f f ec t  on the a x i a l  forces  throughout the hypersonic Mach number range 
they should be studied because of possible in t e re s t  from other  considerations 
(e .g . ,  afterbody design f o r  hea t ing) .  
body pressure divided by stagnation pressure a re  presented as a function o f  
Nach number f o r  models or iented a t  
from reference 2j and from the  present t e s t s  f o r  Reynolds numbers f ron  0.03XL.06 
t o  2 . . 4 a 0 6 ,  show t h a t  there  i s  considerable decrease i n  
i n  b, up t o  values o f  & of about 5 ,  a f t e r  which the  pressures l e v e l  o f f .  
A t  the  lower Yach numbers (below about 3) model or ien ta t ion  has l i t t l e  o r  no 
e€fec t  on the  afterbody pressures.  Throughout t he  hypersonic range, however, 
t he  afterbody pressures a re  cons is ten t ly  lower f o r  the models a t  
i c a l  port ion forward). It i s  iiot c e r t a i n  ?&&her t h i s  e f f e c t  of model orien- 
t a t i o n  r e s u l t s  f rom a na tu ra l  change i n  the  afterbody flow-separation pa t t e rn  
o r  from a change a t t r i bu tab le  t o  support interference.  It i s  believed, how- 
ever,  t h a t  any e f f ec t  of the  support may be small, s ince the da t a  of re fer -  
ence 23 a re  consis tent  with the da ta  of the  present t e s t s  and yet were obtained 
with a s ide  support t h a t  w a s  much d i f f e ren t  from the s t i ng  support of the pres- 
ent  t e s t s .  It a l so  should be noted t h a t  unpublished da ta  indicate  an e f f ec t  
o f  Reynolds number on afterbody pressure.  

In figure 1 3  experimental da ta  of a f t e r -  

a = 0' and 180°. These data ,  obtained 

pa/pt2 with increase 

a = 00 (con- 

Comparisons of t heo re t i ca l  with experimental values of CNu, Cma, and 

CNu, Cm, and xcp/d 
A s  

xcD//d versus Mach number a t  
agreement between theo re t i ca l  and experimental values of 
throughout t h e  Mach number range f o r  the  Apollo configuration a t  
expected, t he re  a re  only sinall differences between the  r e s u l t s  computed with 
m-cdified Newtonian theory and with cone theory used i n  equations (10) and (11). 
The comparisons of theory with experiment are of i n t e r e s t  because it has been 
suggested t h a t  conical bodies of about t he  same cone angle be used t o  minimize 
the  sum of convective and rad ia t ive  heat t ransfer  f o r  b a l l i s t i c  en t ry  a t  
superorb i ta l  speeds ( i . e . ,  r e f .  2 7 ) .  

a = Oo.- A s  shown i n  f igure  14 there  i s  close 

CL = Oo. 

Polar is-Type Vehicle 

Whereas the Apollo-type vehicle  represents a configuration c l a s s  f o r  

2In t h e  computation of  ( ' 2 ~ ) ~ ~ ~ ~  0 by modified Newtonian theory, values of 
which modified Newtonian theory gives some usefu l  estimates of the  force and 

Cpstag 
Higher -balues would be computed fsr  hyper-delocity f l i g h t  cases.  
Of CD 
Newtonian theory.  

were taken t o  correspond t o  the wind-tunnel conditions 2f 

by t h e  rLethJd of reference i 6  wauld approach t h ~ 5 e  by mociified 

JvL and h t .  
Alsc;, values 
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moment coef f ic ien ts ,  t h e  Polaris-type vehicle  represents  a c l a s s  i n  which the  
Newtonian concept i s  inadequate except f o r  obtaining t h e  nose contribution 
near zero angle of a t t a c k .  This inadequacy r e s u l t s  pr imari ly  because the  
shock layer  does not remain t h i n  and closely wrapped around the  body rearward 
of the nose but  moves out from the body and f l a r e  (see sketch ( g ) ) ,  and a 
two - Sho ck 
stream t o  

MOJ 
"OJ - 
9, 

system r e s u l t s .  
the  f l a r e  posi t ion which becomes la rge  a t  hypersonic speeds. 

There i s  a l o s s  i n  dynamic pressure -from the f ree-  

Flare shock 

qFI 
-L [--.----a ::-< 

Newtonian flow (qFI = q,) 

M,-m Real flow (qF,<q, )  

Sketch (g)  

Theory compared with experiment f o r  complete vehicle . -  In  f igure  15 
theore t ica l  curves of % 
theory and by more ref ined methods which account f o r  t h e  dynamic-pressure l o s s  
a r e  compared with experimental r e s u l t s  from t h e  present t e s t s  and from r e f e r -  
ences 28 and 29. 
Newtonian theory and t h e  merit  of other methods (previously out l ined i n  t h i s  
r e p o r t )  f o r  use i n  estimating t h e  aerodynamic c h a r a c t e r i s t i c s .  
concerning each p a r t  of f igure  13 a r e  next made f o r  c l a r i t y .  

CD, CN,, and C calculated by modified Newtonian 

The comparisons c l e a r l y  demonstrate the  inadequacy of 

A few comments 

I n  f igure l ? (a )  t h e  drag coef f ic ien ts  a t  Mach numbers above about 4 a r e  
predicted reasonably well  by t h e  method out l ined previously i n  t h i s  repor t  i n  
which modified Newtonian theory i s  used only f o r  t h e  nose contr ibut ion,  and 
cone theory with a reduced dynamic pressure i s  applied f o r  the  f l a r e .  Below 
a Mach number of about 4, however, the  experimental r e s u l t s  a r e  underestimated 
because base pressure,  which contr ibutes  s i g n i f i c a n t l y  t o  the  drag only a t  
lower supersonic Mach numbers, has been neglected i n  t h e  ca lcu la t ion .  For 
& = 17.2 t h e  drag i s  estimated c lose ly  e i t h e r  with t h e  f l a r e  dynamic pressure 

qF1 
the  appendix. 
gas re la t ions .  In  e i t h e r  method, however, t h e  l o c a l  pressure a t  t h e  f l a r e  
pF1 y 
a t  the nose stagnation point i s  used. For t h e  experimental t e s t s  i n  the arc-  
heated stream a t  M, - 17.2 an equilibrium y value of 1.26 w a s  computed (see 

computed by equation (29) or by the  equilibrium-flow method out l ined i n  
A s  previously discussed, equation ( 2 9 )  w a s  derived from i d e a l  

is given from a blast-wave expression (eq.  (jo)), and the  value of 
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appendix) . 
with y = 1.26 ( the  s tagnat ion value) and 
not  too d i f f e r e n t .  

It i s  seen i n  f igu res  l > ( b )  and ( e ) ,  however, t h a t  r e s u l t s  computed 
y = 1 . 4  ( the  free-stream value) a re  

In f igu re  l ? (b )  the  experimental CN, data a re  genera l ly  overestimated 
by modified Newtonian theory (as  expected) and underestimated by the  other  
methods used. The curves computed by the  other methods a r e  genera l ly  low, 
probably because any t h e o r e t i c a l  l i f t  contribution from the  cy l ind r i ca l  por- 
t i o n  of t h e  body is omitted. Newtonian theory predic t s  zero C N ~  f o r  a cyl-  
inder .  It i s  shown, however, t h a t  i f  experimental C ~ J ~  da t a  f o r  t h e  body 
alone a r e  added t o  t he  computed f l a r e  r e s u l t s  there  i s  very close agreement 
with t h e  measured r e s u l t s  f o r  t h e  complete vehicle.  
comparisons shown a t  Mach numbers from about 3 t o  6 and a t  17 where experi- 
mental body-alone da ta  were ava i lab le .  

In t h i s  regard,  note the 

The Cllla va r i a t ion  with ( f i g .  15(c)), which is completely erroneous 
by Newtonian theory,  i s  predicted reasonably well  by t h e  o ther  methods. Here 
again though, as f o r  C N ~ ,  it appears t h a t  a contr ibut ion f o r  the  cy l ind r i ca l  
body should be included i n  the  pred ic t ion  t o  obtain the  best agreement. Note 
t h a t  t he re  i s  very close agreement between the measured r e s u l t s  f o r  t he  com- 
p l e t e  vehicle  and those computed by adding experimental body-alone values t o  
compttea f lare values. Apparently the  f l a r e  contr ibut ion can be predicted 
reasonably wel l .  

A t  t h i s  point  it may be wel l  t o  note tha t  for some o f  t h e  experimental 
tests the re  w a s  v i s u a l  (shadowgraph) evidence of moderate f l o w  separat ion ahead 
o f  t h e  f l a r e .  This w a s  t h e  case f o r  t h e  t e s t s  i n  the  Ames 1- by 3-Foot Super- 
sonic Wind Tunnel a t  Mach numbers below about 6 and Reynolds numbers below about 
1.2X1O6. Typical shadowgraph p i c tu re s  from these t e s t s  a r e  shown i n  f igure  16. 
It can be noted t h a t  t h e  flow separated well i n  f ron t  of t h e  f lare at  a = Oo, 
but  a t  small angles of a t t a c k  separat ion decreased considerably on the  wind- 
ward l i f t i n g  s ide  and increased on t h e  leeward s ide .  The force and moment 
da ta  from these  t e s t s ,  however, agree w e l l  with those of reference 29 which 
were obtained from f r ee - f l i gh t  wind-tunnel t e s t s  (Re 
separat ion region near t he  f lare-cyl inder  junction w a s  very small. Hence, it 
i s  bel ieved t h a t  any e f f e c t s  of flow separation on t h e  measured Cm data  
which a r e  presented a re  small, and comparison of "attached-flow'' predicted 
r e s u l t s  with these da t a  i s  j u s t i f i e d .  

2.5X106) i n  which the  

Theory compared with experiment f o r  f l a r e  alone and body alone.- To 
fu r the r  support t h e  conclusion t h a t  t he  f l a r e  contr ibut ion t o  C N ~  and Cm 
can be predicted reasonably well  by t h e  method of t h i s  repor t ,  r e s u l t s  com- 
puted f o r  t h e  f l a r e  alone are compared with experinental  r e s u l t s  i n  f i g -  
ure 17 (a ) .  
The experimental da t a  were taken a s  t h e  difference between measured r e s u l t s  
f o r  t h e  body with flare and t h e  body alone. 

It i s  seen t h a t  t he re  i s  close agreement of theory with experiment. 

To p red ic t  t he  body-alone contribution t o  C N ~  and Cm, various ana ly t i ca l  
procedures (discussed i n  the  a n a l y t i c a l  portion o f  t h e  r epor t )  have been t r i e d ,  
and t h e  computed r e s u l t s  a r e  compared w i t h  experiment i n  f igu re  l 7 ( b ) .  
Newtonian concept p red ic t s  only a nose contribution t o  

The 
CNa and Cm, and it i s  
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seen tha t  t h i s  contr ibut ion underestimates 
cylinder) throughout t h e  Mach number range. 
t h a t  C,,B i s  given f a i r l y  well  a t  t h e  lower Mach numbers. With t h e  addi t ion  
of estimated cyl inder  contr ibut ions of CNa,cyl and C,,cyl by equations (38) 
and (39) t o  t h e  appropriate  Newtonian nose contr ibut ions,  t h e  C N ~ , B  predic- 
t i o n  i s  improved, but  t h e  C,,B p red ic t ion  becomes worse. The equations of 
Se i f f  (eqs. (41) and (42) )  a l s o  f a i l  t o  pred ic t  co r rec t ly  both the C N ~ , B  and 
C ~ , B  results. In l i g h t  of t he  l a rge  overprediction of C N ~ , B  by t h e  method 

C N ~ , B  f o r  t h e  body (nose plus  
It is  probably fo r tu i tous  then 

of Seiff  ( r e f .  23) ,  it i s  probably fo r tu i tous  t h a t  
w e l l .  

C%,B is  given reasonably 

The overprediction of 
use i n  h i s  der iva t ion  of 
(eq.  (40) )  which gives  pressures  near t h e  nose-cylinder shoulder t h a t  are too 
high (see f i g .  18). 
Se i f f  i n  r e f .  23 t i e s  t h e  zero-angle-of-attack, blast-wave expression t o  a 
l i f t ing-pressure  r e l a t i o n .  ) Comparisons i n  f igu re  18 of t h e o r e t i c a l  with exper- 
imental pressures (from r e f .  30) over a Polaris-type configuration confirm t h a t  
t h e  pressures a t  and near t he  shoulder a r e  given considerably c lose r  by Prandtl- 
Meyer theory than by blast-wave theory.  Hence, it i s  not surpr i s ing  t h a t  t h e  
predict ion of C N a , ~  i n  f igure  l 7 ( b )  i s  given c loser  by the  use of equation(38) 
i n  which t h e  shoulder pressure i s  obtained from Prandtl-Meyer theory than by 
equation (41) i n  which blast-wave theory i s  used. 

C N ~ , B  by t h e  method of Se i f f  can be t r aced  t o  the  
cNa ,cy l  (eq. (41))  of a blast-wave expression 

( A s  noted i n  the  a n a l y t i c a l  port ion of t h e  present  report ,  

To analyze the  d i f f i c u l t y  i n  the  pred ic t ion  of C ~ , B  with equation (39) 
of t h e  present repor t ,  it is  wel l  t o  look c lose ly  a t  t h e  pred ic t ion  of t h e  
pressure d i s t r i b u t i o n  over t h e  e n t i r e  body length .  It i s  r eca l l ed  t h a t  i n  t h e  
der ivat ion of equations (38) and (39) t h e  pressure d i s t r i b u t i o n  was assumed t o  
vary l i n e a r l y  from t h e  F’randtl-Meyer value a t  the  shoulder t o  a blast-wave 
value a t  t h e  base.  Unfortunately, it i s  d i f f i c u l t  t o  assess  t h i s  assumption 
accurately from the  pressure-dis t r ibut ion da ta  of reference 30 ( f i g .  1 8 ( b ) ) ,  
because o f  t he  apparent e f f e c t s  of flow separat ion on the  measured pressures  
rearward o f  about 
c r i t e r i a  of  r e f .  31). It appears, though, t h a t  without separat ion t h e  pressure 
i n  f ron t  o f  t h e  f l a r e  would be close t o  the  predicted value of equation (30) .  
A t  any r a t e ,  t h e  assumption of a l i n e a r  pressure d i s t r i b u t i o n  from t h e  Prandtl-  
Meyer value a t  the  shoulder t o  the  blast-wave value a t  the  f lare appears t o  be 
f a i r l y  good. It is  l i k e l y  then t h a t  t h e  f a i l u r e  of equation (39) f o r  t h e  cylin- 
der  moment stems f r o m t h e  use i n  i t s  de r iva t ion  of an approximate expression 
f o r  t he  cylinder l i f t ing-pressure  coe f f i c i en t  ( eq . (35 ) ) .  This approximate 
expression (eq. (33) ) i s  probably appl icable  only near t h e  nose-cylinder shoul- 
der  bu t  i s  appl ied over t h e  e n t i r e  cyl inder  length .  Equations (38) and (39) of 
t h i s  report  and those of Se i f f  (eqs .  (41) and (42) )  were a l l  derived with t h i s  
approximate r e l a t i o n  and, hence, should be appl ied with caut ion.  

x/d = 1 .7  ( the  approximate separat ion point  based on the  

Theoretical  s t a b i l i t y  as a funct ion of speed and alt i tude.-  Since t h e  
s t a t i c  s t a b i l i t y  of a Polaris-type vehicle  en ter ing  and f ly ing  within t h e  
atmosphere is maintained by t h e  f l a r e ,  t h e  v a r i a t i o n  of f l a r e  pitching-moment 
coef f ic ien t  with speed and a l t i t u d e  is  of i n t e r e s t .  In order  t o  compute Cm 
however, the dynamic-pressure r a t i o  qFl/c& must be determined (see eq.  (17)).  
For t h e  assumption of a t tached equi l ibr ium flow from the  free-stream condi t ion 



across  t h e  bow shock and t o  t h e  f l a r e ,  t h e  var ia t ion  of with u, was 
computed f o r  speeds from 8x10~ f t / s e c  t o  26a03 f t / s e c  a t  a l t i t u d e s  of 0, 
103,000, and 230,000 f e e t .  The ca lcu la t ion  procedure i s  demonstrated i n  t h e  
appendix. For the  same speeds and a l t i t u d e s ,  values of qF1/& were a l s o  
computed from the  idea l  gas r e l a t ion ,  equation (29) .  
a t  t h e  nose s tagnat ion point  were close t o  1.2 f o r  equilibrium flow a t  a l l  
conditions,  a constant value of 
with equation (29).  
reasonably close agreement, as shown i n  figure 19, and confidence i n  the  use 
of equation (29) for qF1/& is  demonstrated. Large l o s s e s  a r e  predicted in 
dynamic pressure f r o m t h e  free stream t o  the  f l a r e  pos i t ion .  However, over 
t h e  speed and a l t i t u d e  ranges considered, qn/s, 
amount with increasing speed, and the re  is  l i t t l e  e f f e c t  of a l t i t u d e  on the  
dynamic-pressure r a t i o .  

Since t h e  values  of Y t 2  

y = y t p  = 1.2 was used i n  the  ca lcu la t ions  
The results computed by these two procedures are i n  

decreases only a small 

Effect  of flow state on s t a b i l i t y . -  If t h e  flow devia tes  considerably 
from equilibrium o r  becomes frozen between the nose s tagnat ion point  and the  
f l a r e  pos i t ion ,  t he  qFl/& r a t i o  can be expected t o  change. Just how much, 
of course, is important i n  the  computation of t he  f l a r e  s t a b i l i t y .  To e s t i -  
mate t h e  maximum limits of uncertainty i n  qF1/G, addi t iona l  ca lcu la t ions  
have been made f o r  t he  assumption of equilibrium flow t o  the  nose s tagnat ion 
point  a d  then z instmt.a-neous change - t o  frozen flow from t h i s  point  t o  the  
f l a r e .  
assumed frozen, and frozen values of 
r e f .  4) were used i n  equation (29) t o  compute values of 
r e l a t i o n  (eq. ( 3 0 ) )  from blast-wave analogy w a s  assumed t o  be va l id  f o r  both 
equilibrium and frozen flows. 
cases are compared i n  f igu re  20. 
improved with frozen flow because of the  la rger  values of 
with t h e  higher values of 7. In f igu re  2 1 t h e  corresponding values of CQ 
f o r  t h e  f l a r e  alone a r e  presented. 
qF1/(& r e s u l t s .  
Mach numbers a t  t h e  f lare a re  s l i g h t l y  d i f f e ren t  f o r  t h e  frozen and equi l ib-  
rium cases; hence s l i g h t l y  d i f f e ren t  values of cone normal-force coe f f i c i en t  

C% 
body-alone contr ibut ion (C%,B = 0.1) t o  the flare values in f igu re  21. 
Further research should be d i rec ted  t o  the  problem of pred ic t ing  nonequilib- 
rim and frozen-flow conditions from the  nose t o  the  f l a r e  of vehic les  and the  
prec ise  e f f e c t  of these  conditions on s t a b i l i t y .  

Not only the  chemical composition but t h e  v ib ra t iona l  energy was 
7 = y t 2  (as a funct ion of Zt2, e.g., 

qn/G.  The pressure 

The results f o r  t h e  equilibrium and frozen-flow 
It i s  very apparent t h a t  s t a b i l i t y  is  

qFl/& obtained 

These r e s u l t s ,  of course, r e f l e c t  t he  
They a r e  not ,  however, exact ly  proport ional ,  s ince t h e  l o c a l  

are used i n  equation (17) t o  compute C%. One can obtain estimates of C N a ,  C 
f o r  t h e  complete vehicle  by merely adding t h e  approximate experimental 

CONCLUSIONS 

Models representa t ive  of t h e  Apollo and Po la r i s  vehicles  have been t e s t e d  
The Apollo- at  Mach number 17 i n  t h e  Ames arc-heated aerodynamic wind tunnel .  

type models were t e s t e d  a t  angles of a t tack  from 0’ (cone forward) t o  180° 
(b lunt  face  forward), and t h e  Polaris-type models (all with a b lunt  nose bu t  
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with and without f l a r e )  were t e s t e d  a t  angles of a t t ack  from about Oo t o  12O. 
Data from these tes t s  have been used with da ta  from other  t e s t s  a t  lower Mach 
numbers (above about 2) i n  a summary assessment of analyt ical  methods f o r  com- 
puting the  s t a t i c  aerodynamic coef f ic ien ts  of entry-type vehicles .  

For the  Apollo-type vehicle  the following conclusions have been reached: 

1. 
a t tack  range can be estimated reasonably w e l l  by modified Newtonian theory,  
although the  absolute magnitudes of t he  coef f ic ien ts  a t  some angles of a t t a c k  
are not s a t i s f a c t o r i l y  predicted.  

The t rends of the aerodynamic coef f ic ien ts  thro.ughout t he  angle-of- 

2.  The primary t r i m  angle of a t t a c k  remains f ixed throughout t he  Mach 
number range a t  t he  value ( a  = 147') predicted by modified Newtonian theory. 

3. 
theory (L/D 
s l igh t  decrease i n  measured 

T r i m  l i f t -d rag  r a t i o  remains close t o  t h a t  given by modified Newtonian 

L/D, however, i s  noted a t  t he  higher Mach numbers. 
O.?) which i s  constant throughout the  Mach nunber range. A 

4. With the  conical  port ion of the  vehicle  facing forward ( a  = Oo), the  
experimental curve of axial-force coef f ic ien t  versus Mach number i s  predicted 
somewhat c loser  by the  use of Newtonian theory f o r  t h e  b lunt  apex plus  cone 
theory f o r  t he  conical surface than by modified Newtonian theory. Likewise, 
with the blunt  face forward ( a  = 180°), c loser  agreement of theory with 
experiment i s  obtained by use of t he  method of NASA TN D-1423 than by  modified 
Newtonian theory. 

3 .  A t  Mach numbers above about j t he  measured afterbody pressures f o r  
the vehicle or iented with the  blunt  face forward ( a  = 180') a r e  two t o  three  
times grea te r  than those f o r  t he  vehicle  or iented with the  conical  port ion 
forward (a = 00); however, a t  lower supersonic Mach numbers there  i s  l i t t l e  
o r  no e f fec t  of o r ien ta t ion  on the  afterbody pressures .  

For t h e  Polaris-type vehicle  (with a b lunt  nose) the  following con- 
clusions have been reached: 

1. The present study confirms previous research (e.g. ,  NASA TM X-384) i n  
demonstrating the  inadequacy of modified Newtonian theory f o r  estimating l i f t  
and s t a t i c  s t a b i l i t y .  
which agree c loser  with experiment. 

Other methods (reviewed i n  t h i s  repor t )  are ava i lab le  

2.  The f l a r e  contr ibut ion t o  t h e  vehicle  l i f t  and s t a b i l i t y  can be 
predicted reasonably w e l l ,  bu t  fur ther  research appears t o  be needed on the  
accurate determination of t h e  cylindrical-body contr ibut ion.  

3. For high speeds a t  various a l t i t u d e s  i n  the  e a r t h ' s  atmosphere, cal-  
culated r e s u l t s  indicate  t h a t  a s ign i f i can t  increase i n  s t a b i l i t y  can r e s u l t  
from a change i n  the  body-flow :,tate from equilibrium t o  froLen. 

Ames Rexarch Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  March 5 ,  1-96? 



APPEmIX 

SAMPLE COMPUTATION OF DYNAMIC PRESSURE AT FLARE 

OF POLARIS-TYPE VMICLE FOR EQUILIBRIUM FLOW 

Wind Tunnel Case 

The following s t eps  demonstrate t h e  procedure f o r  ca lcu la t ing  qFl/& 
with t h e  use of ava i lab le  char t s  f o r  equilibrium a i r  flow i n  a wind tunnel .  
The ca lcu la t ion  i s  based on t h e  following se t  of t e s t  conditions: 

M, = 17.2 

h t l  = 1000 Btu/lb 

2 = 68 a t m  = 1000 l b / i n .  Pt 1 

x = 2.34 d 

Step 1.- For spec i f ied  &, h t l ,  and ptl  obtain p,/pt, pt2/ptl, and 
Q/Pt, from reference 2 and compute 

p, = (&) ptl = ( 4 . 2 0 ~ l 0 - ~ ) 6 8  = 2 . 8 3 6 ~ 1 0 - ~  atm 



and 

Step 2.- For known pt2 ( s t e p  1) and ht2 = h t l  obtain (from r e f .  21) 

- -  St2 - 35.9 
R 

T t2  = 2000’ K = 3600’ R 

and y t 2  = 1.26 from reference 22 for known 

Step 3.- F r o m  equation (30) i n  the  text,  

pt2 and T t 2 .  

F r o m  modified Newtonian theory C% = 1 - 3 7 >  and 
f ( y )  = 0.057 ( in te rpola ted  from t a b l e  i n  t e x t ) .  

+ 0.55 

for  y = y t 2  = 1.26, 
Then compute 

Then 

Step 4.- For known p ( s t e p  3 )  and sF1/R = s t 2 / R  ( s t e p  2)  ob ta in  (from Fl 
r e f .  21) 

= 355 Btu/lb hF1 

T F ~  = 810° K = 1-458~ R 



un = 223.6d- = 223.6,,/- = 5680 f t / s e c  

2 
= 3.00 l b / f t 2  o r  2.08Xl.o-~ lb / in .  

therefore  

Earth Atmosphere Fl ight  Case 

The following s t eps  demonstrate t h e  procedure f o r  ca lcu la t ing  qFl/& 
with the  use of ava i lab le  cha r t s  for equilibrium a i r  flow i n  f l i g h t  i n  the  
e a r t h ' s  atmosphere. 
conditions: 

The ca lcu la t ion  i s  based on the  following spec i f ied  

b 

u, = 18,000 f t / s e c  a t  ~O~,OOO f t  a l t i t u d e  

x = 2.34 d 

Step 1.- For spec i f ied  altitude obtain (from r e f .  11) 

P, = 8 . ~ 8 1 f i O - ~  a t m  

31 



- 
= 94.2 Btu/lb hcu 

a, = 9.731XL02 f t / s e c  

and compute 

Step 2.-  For spec i f ied  a l t i t u d e  and u, obtain (from r e f .  11) 

- -  ht2 - 70.0 
hcu 

and compute 

Step 3.- For known pt2 and h t2  obtain (from r e f .  21) 

T t2  = 6405' K 

and y t 2  = 1.16 from reference 22 for known p and Tt2. 
t 2  

Step 4.- From equation ( 3 0 ) ,  

f ( y ) k 2 C % 1 ' 2  
+ 0*53 -.-. 

X 
pF1 - 0.85 
p, - 

d 



Prom modified Newtonian theory 
f(y) = 0.048 ( in te rpola ted  from t ab le  i n  t e x t ) .  

C% = 1.37, and for y = yt2 = 1.16, 
Then compute 

- -  pF1 - 0.85~0.048~(18.46)~(1.37)~” + o.55 = 7.51 
PLJ 2.34 

then 

Step 9.- For known pF1 (Step 4) and S F ~ / R  = s t 2 / R  ( s t ep  3) obtain (from 
r e f .  

uF1 - - 223.6J- = 223.64- = 12,670 f t / s e c  

= - 1 p UFl2 = ~~.032~~0-”~(12.67~103)~ = 828 l b / f t 2  
‘F1 2 F1 

theref  ore  
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Figure j . - Concluded. 
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See figs. 6(d) and 6(e) for mounting orientation of 
three models of d=5.00" and five models of d=2.251' 

(a) Geometry of  Apollo-type models. 

Figure 6 .  - Models, balance, and mounting o r i e n t a t  ion. 
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Figure 6. - Continued . 
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( e )  Photograph of six-component balance.  

Figure 6 .  - Continued . 
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V 
Mounting A Mounting B 

Approx. 
Mounting Q range A,deg 

A Oo- 60° 30.1 
B 60°- I 50° 119.6 
C I45O- 180' I 80.0 

Mounting C 

(a )  Mounting or ien ta t ion  of Apollo-type models on support; d = 3.00 i n .  

Figure 6 .  - Continwd. 



Mounting D 

A 

Mounting E 

Mounting F Mounting G 

.33 d Approx. 
Mounting Q range 

D 37"- 60" 
E 60"- 100" 

- .  I 

F 90"- 110" 

Mounting H 
G l2Oo-16O0 
H i 80" 

( e )  Mounting o r i en ta t ion  of Apollo-type models on support; d 

A 1 deg 

5 7.9 
80.8 
100.4 
139.3 
180.0 

2.23 i n .  

Figure 6 . - Continued . 
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(f) Afterbody-pressure measuring setup for Apollo-type model at a, = 180'. 

Figure 6. - Concluded. 
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Figure 9.- Experimental aerodynamic coef f ic ien ts  f o r  the  Polaris-type vehicle  
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Experiment 
CA Source Theory - 

Modified Newtonian -- 0 Total Ref. 25 
0 Forebody Ref. 25 --- Eq. (8) and eq. (9) with cone theory 

Total Ames arc tunnel ---- Method of ref. 16 
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(b) U. = 180' 

Figure 12.- Variation of axial-force coe f f i c i en t s  with Mach number f o r  Apollo- 
type vehicle a t  u = Oo and 180°. 
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Figure 16.- Typical shadowgraph p i c tu re s  of t h e  flow over t h e  P o l a r i s  
conf igura t ion  a t  & E 4 .1  and Re E 1x106. 
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